The potential of alkylammonium ion-bonded silica stationary phases for effective and simple pretreatment for determination of polychlorinated biphenyls (PCBs) in mineral oil samples is presented in this paper. The separation between PCBs and aliphatic hydrocarbons by normal phase chromatography was improved by using the alkylammonium ion-bonded silica stationary phases instead of alkylamine-bonded silica or other polar stationary phases. The number of alkyl residues bonded to the nitrogen atom was also an important factor of the separation.
Polychlorinated biphenyls (PCBs) were once widely used as dielectric fluids (insulating oil), heat-transfer fluids, hydraulic fluids, and paint and in other applications. 1 In Japan, the disposal of the storage PCB products by chemical degradation methods (e.g. reductive dehalogenation) is progressing on a large scale. 2 Because PCB monitoring before and after the degradation processes are essential for appropriate management of the treatment processes, simple and accurate analytical methods for the determination of PCBs in mineral oils are required. Chances of contaminations during the analytical processes, costs of analysis and environmental loads by reagents used for the analysis can be reduced by developing relatively simple cleanup procedures. Because aliphatic hydrocarbons are main components of the sample matrices, effective methods for PCB separation from aliphatic hydrocarbons have been investigated eagerly.
To separate PCBs from aliphatic hydrocarbons, researchers have used partition between non-polar solvent and non-proton polar solvent, such as dimethyl sulfoxide, 3, 4 acetonitrile 5 or dimethyl formamide. 6 Sulfuric acid treatment 7 and saponification 8 have been also applied to remove unsaturated hydrocarbons and lipid, respectively. However, these procedures are not only tedious and hazardous but also need additional cleanup steps before measurement with GC in most cases.
Liquid chromatography is a relatively simple and reliable technique to separate compounds.
Gel permeation chromatography (GPC), 9, 10 activated carbon adsorption chromatography, 10, 11 and multi-layer silica gel chromatography 4 have been used for PCB cleanup. Combinations of a polar stationary phase and a less-polar solvent (normal-phase liquid chromatography) are also powerful tool for separation of aromatic compounds, such as PCBs and polyaromatic hydrocarbons (PAHs) from matrices. Some adsorbents, such as silica, Florisil and alumina are effective to remove polar concomitants. 12 Amino, [13] [14] [15] [16] cyano, 16 dihydroxyl 16 and nitro 17 residue-bonded silica have also been used for this purpose.
Because π-electron clouds of the aromatic rings interact with the polarized atom (e.g. nitrogen, oxygen) in the residue on the surface of the stationary phase, the compounds are basically eluted according to the number of the aromatic rings. 13, 17 Therefore, PCBs can separated from aliphatic hydrocarbons, and PCB congeners are eluted by their polarity.
We have investigated the PCB separation efficiencies of some commercial polar stationary phases, and we found that a quaternary amine-bonded silica gave better results then those obtained with a primary amine-bonded silica. In this study, the properties of various alkylammonium ion-bonded silica stationary phases for separation of PCBs from mineral oils were investigated.
Experimental

Reagents
In this study, we used a commercial insulating oil product, paraffin-oil-based transformer oil produced from petroleum specified by a Japan Industrial Standard, JIS C2320-1999 (Insulating oil, Class 1-4).
A technical PCB product, Kanechlor mixture solution (containing Kanechlor 300, 400, 500, 600: 100 ± 10 µg mL -1 each in hexane solution) was supplied by GL Sciences (Tokyo, Japan). Neat CB3, CB15 and CB209 reagents were purchased from Cambridge Isotope Laboratories (Andover, MA, USA). The CB congener numbers used in this article are IUPAC numbers. 18 The bulk stationary phases (surface-modified silica) for solid phase extraction were obtained from International Sorbent Technology (Hengoed, UK). In this study, aminopropyl silica (ISOLUTE-NH2 [NH2]; average particle diameter, 58 µm; pore size, 5.4 nm; specific surface area, 521 m 2 g -1 ; surface coverage, 3.1 µmol m -2 ; carbon loading, 5.9%), quaternary amine (trimethylpropylammonium chloride)-bonded silica (ISOLUTE-SAX [SAX]; average particle diameter, 59 µm; pore size, 5.4 nm; specific surface area, 521 m 2 g -1 ; surface coverage, 1.8 µmol m -2 ; carbon loading, 6.8%), and propylsulfonic acid-bonded silica (ISOLUTE-SCX-2 [SCX-2]; average particle diameter, 57 µm; pore size, 5.4 nm; specific surface area, 521 m 2 g -1 ; surface coverage, 0.8 µmol m -2 ). A silica solid phase extraction (SPE) cartridge (ISOLUTE-SILICA: 500 mg-silica in a 3-mL cartridge, International Sorbent Technology) was also used in this study.
Analytical-grade solvents such as hexane and acetone were purchased from Kanto Chemical (Tokyo, Japan). Other chemicals, such as acids, bases and salts for the modification of the stationary phases, were obtained from Wako Pure Chemical Industries (Osaka, Japan) and Nacalai Tesque (Tokyo, Japan).
Modification of stationary phases
Propylammonium chloride-or sulfate-bonded silica (NH2-Cl, NH2-SO4) was prepared as follows. Hydrochloric acid (0.1 M) or sulfuric acid (0.05 M) was added to 2.5 g of the NH2 until the pH of the supernatant became less than 2. Then the mixture was washed with water and acetone, and most of the acetone was evaporated under a nitrogen gas stream. Next, the modified silica was dried under vacuum at 50˚C for several hours.
Trimethylpropylammonium-sulfate-bonded silica (SAX-SO4) was prepared as follows. Sodium sulfate (1.0 M) solution was loaded onto 2.5 g of SAX packed in a glass column (10 mm i.d.) until chloride ion could not be detected by addition of AgNO3 solution. Then, the stationary phase was washed and dried as described above.
Sodium propylsulfonate bonded silica (SCX-2-Na) was prepared as follows. Sodium chloride (1.0 M) was loaded onto 2.5 g of the SCX-2 packed in a glass column (10 mm i.d.) until the pH of the eluted solution became ca. 6. Then, the stationary phase was washed and dried as described above.
Ammonium, triethylammonium or tetraethylammonium propylsulfonate-bonded silica (SCX-2-NH4, SCX-2-TrEA, SCX-2-TeEA) was prepared as follows. Aqueous ammonia, triethylamine or tetraethylammoium hydroxide solution (1.0 M) was added to 2.5 g of the SCX-2 until the pH of the supernatant became more than 10. Then, the mixture was washed and dried as described above.
Column chromatography
The modified silica slurry was packed into a glass column of 150 mm length (i.d. 10 mm) fitted with a poly(tetrafluoroethylene) stopcock; the slurry in the column was then washed with 20 mL of hexane. To investigate the elution profiles of oil and PCBs, we used PCB solution in nonane (Kanechlor mixture, 5 µg g -1 ; CB3, 0.6 µg g -1 ; CB15, 0.6 µg g -1 ; CB209, 0.017 µg g -1 ) and the transformer oil. The oil (0.25 mL, precleaned with a solid phase extraction cartridge, ISOLUTE-SILICA, to remove polar concomitants which might be irreversibly absorbed on the stationary phases) or the PCB solution (0.25 mL) was loaded onto the column packed with 2.5 g of the modified silica (length of the stationary phase layer: 48 -50 mm); then they were eluted with hexane. In the case of the oil sample, the collected fractions were evaporated under a nitrogen gas stream, and the recovery of oil in each fraction was calculated from the mass of the evaporation residue and the mass of the loaded oil.
For PCBs determination, analyses of the eluted fractions were performed with a gas chromatograph/high-resolution mass spectrometer (GC/HRMS) system (AutoSpec, Micromass, UK) equipped with an HT-8 capillary column (50 m × 0.22 mm i.d.; film thickness, 0.25 µm; SGE, Australia) as previously described. 19 To calculate the recovery of PCB homologues in each fraction eluted from the (alkyl)ammonium-bonded-silicapacked columns, we assumed that relative response factors of congeners that had the same numbers of chlorine atoms in their molecules were the same.
Results and Discussion
Structures of the stationary phases used in this study are represented in Fig. 1 . Although aminopropyl silica has been used for cleanup of PCBs, [13] [14] [15] [16] the separation was not enough with the NH2 (2.5 g)-packed column (Fig. 2-A) . Other polar stationary phases (silica, ISOLUTE-SILICA; cyanopropyl silica, ISOLUTE-CN; 2,3-dihydroxylpropylpropyl silica, ISOLUTE-DIOL) which have been used for cleanup of PCBs in normal phase mode have almost the same separation efficiencies (data not shown).
The separation was improved when the primary amine was converted to sulfate ( Fig. 2-B ). However, chloride ion was more effective as the counter ion ( Fig. 2-C) . Elution of the mineral oil from the NH2-SO4 was slightly faster than from the NH2, and elution from the NH2-Cl column was delayed. On the other hand, PCBs were retained much more strongly by adsorption on the primary alkylammonium ion-bonded silica stationary phases (especially NH2-Cl) compared with the free amine (NH2). Perhaps the stronger electrostatic interaction between charged nitrogen atoms in the ammonium ion and the π-electrons on the aromatic rings of PCBs (and polarization of chlorine-carbon bond) caused the stronger retention of PCBs.
Tetraalkylammonium ion-bonded silica was also effective to separate PCBs and the mineral oil ( Fig. 3) . Different from the NH2-based stationary phases, sulfate was a more effective counter ion than chloride ion for the separation of PCBs from the mineral oil. Retention of PCBs by adsorption on the SAX-SO4 was the strongest among the tested stationary phases.
Various alkylammonium ions were also bonded to a cation exchanger stationary phase (SCX-2) as counter ion, and the synthesized stationary phases were investigated. The order of PCB retention was: free acid (SCX-2), sodium salt (SCX-2-Na) < ammonium salt (SCX-2-NH4) < trialkylammonium salt (SCX-2-TriEA) < tetraalkylammonium salt (SCX-2-TeEA) (Fig. 4) . The elution patterns with the stationary phases which had similar structures, such as SCX-2-NH4/NH2-SO4 or SCX-2-TeEA/SAX-SO4, were similar. However, elution of decaCB (CB209) was overlapped on the mineral oil in the cases of the SCX-2-based stationary phases, though decaCB and the oil were separated with the NH2-or SAX-based stationary phases.
Although some isomers of tri-, tetra-and penta-chlorinated biphenyls were eluted after mono-and dichlorobiphenyls from most of the amine or ammonium ion-bonded stationary phases, 787 ANALYTICAL SCIENCES MAY 2006, VOL. 22 the order of elution from the NH2-SO4 or SAX column was mostly dependnt on the number of chlorine atoms bonded to biphenyl skeleton.
Approximate elution orders of the major PCB isomers were as follows in most cases. 198/199,196,194 → 200,195 ; NonaCBs: 208,207 → 206.
Although we had also tried to separate PCBs from an aromatics-based insulating oil (specified by JIS C2320-1999, Class 5-2, main component: phenylxylylethanes) with the alkylammonium ion-bonded stationary phases, the separating efficiency was not enough. However, aliphatic hydrocarbons are the most abundant components in mineral oils or extracts obtained from solid industrial and environmental samples in general.
Elution of the mineral oil overlapped on the decachlorinated biphenyl with the SCX-2-TeEA. In addition, a small amount of the mineral oil was gradually eluted from the SAX-SO4-packed column after the main oil peak, and the tailing overlapped with the PCB fractions, especially deca-and nonachlorinated biphenyls. However, the tested stationary phases, especially SAX-SO4 and SCX-2-TeEA, would be effective to separate mineral oils from PCBs, because the contents of deca-and nonachlorinated biphenyls in representative technical PCB products such as KC500 are usually negligible. On the other hand, NH2-Cl is the most effective among the tested stationary phase to separate the highly chlorinated biphenyls from the mineral oil. More than 95% of total PCBs was recovered in the 6 -34 mL of fraction (88% of decachlorinated biphenyl and 99.5% of nonachlorinated biphenyls), and approximately 89% of the mineral oil was removed from this PCB-containing fraction by using 2.5 g of the NH2-Cl (Fig. 2-C) . Although larger amounts of the stationary phases are necessary for complete separation of the mineral oil and highly chlorinated biphenyl, the selectivity of the ammonium ion-bonded stationary phases is obviously much higher than that of existing normal-phase stationary phases.
In conclusion, the potential of the ammonium ion-bonded stationary phases for effective pretreatment for determination of PCBs in waste oil or other samples is great.
